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Cemented titanium stems in hip arthroplasty are associated with proximal cement-stem debonding and early failure. This was well publicised with the 3M Capital hip. However, corrosion in this setting has been reported with only one stem design and is less widely accepted.
We present a series of 12 cemented titanium Furlong Straight Stems which required revision at a mean of 78 months for thigh pain. At revision the stems were severely corroded in a pattern which was typical of crevice corrosion. Symptoms were eliminated after revision to an all-stainless steel femoral prosthesis of the same design. We discuss the likely causes for the corrosion. The combination of a titanium stem and cement appears to facilitate crevice corrosion.
We have identified a group of patients with early failure of cemented titanium femoral implants following total hip replacement. The implants shared similar features, both clinically and at revision, suggesting crevice corrosion as the common factor leading to failure. Willert et al 1 reported in 1996 on this type of corrosion after hip replacement. This is only the second study to our knowledge, and the first involving this particular design of stem.
Patients and Methods
Two surgeons at our institution use the same Furlong Straight Stem Modular System (Joint Replacement Instrumentation, London, UK) in their hip arthroplasty practices. The stem is a collarless, polished, double-taper design for use with cement. For a seven-year period, both surgeons used a femoral stem made of titanium instead of stainless steel. Approximately 1050 of these stems were implanted between 1992 and 1999, in patients of all ages. Younger patients received a cementless metal-backed cup and older patients, or those with rheumatoid arthritis, received an all-polyethylene cemented cup. The theoretical benefits of titanium were a lower Young's modulus of elasticity to reduce stress shielding of bone and its excellent reported biocompatibility.
Since 1996, 12 patients have presented with recurrent pain at a mean of 48 months (20 to 72) after an initially successful hip replacement. Their clinical characteristics are set out in Table I . Their mean age was 63 years (52 to 83). Initially intermittent, and subsequently constant, ipsilateral thigh pain was felt anteriorly. It was worse at rest and at night. It was poorly relieved by simple analgesia. For some the pain was partially relieved by walking. Radiographs taken at presentation with recurrent pain showed a fusiform periosteal thickening around the middle and distal thirds of the prosthetic stem in all patients (Fig. 1) . Scalloped areas of osteolysis developed in some patients around the distal third of the stem.
The criteria for inclusion in this group were as follows: 1) use of a cemented titanium Furlong straight stem between 1992 and 1999 with any combination of modular head material or offset and any type of acetabular cup; 2) presence of characteristic thigh pain and radiographic features; 3) absence of gross loosening or obvious infection in relation to the stem at revision (one patient was included who has not been revised) and 4) presence of typical features of distal stem corrosion at revision. Black staining of the surrounding tissues alone was insufficient for inclusion.
The operations had been performed by a variety of supervised trainees, staff grade surgeons or consultant surgeons using a posterior approach. A combination of pencil reamers and manual rasps was used to over-ream the femoral canal relative to the selected implant size, aiming for a complete cement mantle of at least 2 mm thickness. Loose cancellous bone was removed before washing with pulsatile lavage and a brush. The canal was plugged dis-tally with a Hardinge femoral canal occluder (Corin, Cirencester, UK) and Palacos cement (Biomet Merck, Dordrecht, The Netherlands) was prepared in a vacuum centrifuge mixing apparatus. The cement was inserted late by retrograde syringe injection and pressurised with a rubber seal. A finger seal rather than a rubber collar was used around the implant during insertion. A trial reduction was only performed after the cement had fully set.
The position of the stem and estimated thickness of the cement mantle on the immediate post-operative radiographs are shown in Table II . The cement-bone interface was graded using the Barrack grading system. Tables I and III. Eight patients underwent a single-stage revision to an all stainless-steel femoral component through the original approach. Their acetabular cups were well-fixed and left in situ. One patient (case 4) was referred to the regional bone infection unit. She had bilateral hip replacements and the symptomatic side was thought to be possibly infected. A staged revision was performed on the basis of equivocal intra-operative histology although no organisms were subsequently cultured. Another patient (case 6) underwent a two-stage revision because the cup was loose and infected. In another patient (case 8) the cup was loose, with advanced erosion of the medial wall. This necessitated a Girdlestone procedure. Hip aspirate was attempted for one patient only and was unhelpful. The operative findings, type of head material and the results of microbiological cultures are shown in Table IV .
All retrieved stems were well-fixed and difficult to remove. Visual inspection revealed proximal abrasion marks, partly as a result of difficult extraction. Distally there was erosion of the normal metallic surface which was blackened and coated with thick white deposits (Fig. 2) . There was extensive black staining of the surrounding bone and fibrous tissue. Histologically, samples of fibrous tissue and capsule showed signs of non-specific inflammation with reactive macrophages and fibrinary fibrous material. For the nine patients who were revised to an all-stainless steel Furlong prosthesis of the same design, the symptoms of thigh pain were eliminated to a mean of 25 months of follow-up (7 to 51). Patient 4 was revised to a different type of prosthesis at another centre although there was no recurrence of symptoms. In most patients the diaphyseal hypertrophy remained unchanged (Table IV) . No patient presented subsequently with infection of the revised prosthesis. Laboratory studies. Two revised stems were analysed in detail immediately after revision. The retrieved stem and head with samples of labelled tissue from the joint capsule, fibrous tissue and bone at multiple levels around the prosthesis were sent for analysis. The tissue samples were freshfrozen. Gross examination of the implants showed burnishing of the metal surface proximally with evidence of ductile flow of metal over the surface. This is consistent with micromovement at the cement-implant interface. The thick white encrustations at the lower end of the implants, with underlying breakdown of the surface, were strongly suggestive of corrosion.
High-power light microscopy of all the tissue specimens showed small black particles which were consistent with either titanium ions or radiographic contrast medium from the cement. Energy dispersive X-ray analysis (EDAX) was used to give detailed information about the identifying characteristic spectra of these products. There were no signs of metal impurity within or around the implant. In the proximal bone and capsular specimens there were titanium, aluminium and vanadium ions in a similar ratio to the parent implant alloy, consistent with micromovement abrasive wear. Scanning electron microscopy confirmed deep pits of abrasion in this region of the implants. More distal specimens demonstrated characteristic spectra of titanium corrosion products. These formed complexes with local chloride and hydroxide ions from the extracellular fluid which was consistent with surface corrosion. Scanning electron microscopy of these distal deposits demonstrated particles with a characteristic corrosion-product morphology.
Discussion
Animal and laboratory studies have suggested that a cobalt chrome and titanium couple should be safe in vivo. 4, 5 However, in clinical use, when implants are loaded, fretting of the softer titanium can remove its stable oxide layer. Because of this, stem-head combinations of titanium and cobalt chrome in retrieved implants have shown signs of corrosion of the neck. 6, 7 After implantation, the prostheses in our series were well-fixed to bone and there were no immediate problems. Any small galvanic couple between a cobalt chrome head and a titanium stem would be insufficient to initiate corrosion and none was observed at the stem-head interface.
Micromovement proximally between the titanium stem, with its low modulus of elasticity, and the cement mantle would abrade the titanium surface of its stable oxide layer. Again, this fretting could not be a sole cause of failure because the areas of mechanical damage were proximal to the corroded sections. Small gaps must have formed between the prosthesis and bone cement. These crevices, which trap extracellular fluid, are associated with differential aeration of the metal surface. This can facilitate corrosion. The reactivity of the fluid in these crevices increases in a distal direction and corresponds with the areas of stem degradation. Fluid in the gaps stagnates and prevents repassivation (oxidation) of the reactive titanium from which ions are released. These form titanium complexes and hydrochloric acid as a by-product which can diffuse through the cement to the bone. A local inflammatory reaction follows with pain and oedema. Radiographically, there is osteolysis and reactive periosteal thickening. Pressure from the crystalline titanium complexes, which form with an increase in volume, produces a tighter fixation of the stem until the cement fails under stress, propogating and concentrating the crevice conditions distally. The stems Photographs of a) a corroded stem after retrieval and washing b) a closeup of the stem tip.
remained well-fixed but if left for a sufficient length of time, the entire cement mantle would be expected to fail. These features are very similar to a series of 28 cemented titanium stems of a Muller straight-stem design which also demonstrated crevice corrosion. 1 We consider that the central issue is whether our results should be extrapolated to other cases with these and other designs of cemented titanium stem and why do some studies have such good results with no reported corrosion problems. Eingartner et al 8 reported a low rate of revision and incidence of radiolucency with a cemented, straight titanium stem and suggested that stem design is more important than the material used. Bowditch and Villar 9 reported a good medium-term outcome with the cemented Ultima stem (De Puy, Leeds, UK). This is also a straight, collarless design. Nonetheless they acknowledge the mixed results of others, 10 in particular the widely reported failure of the 3M Capital Hip (3M Health Care, Leicestershire, UK).
11,12
Barrack 13 reviewed the early failures of cemented stems among the proliferation of new designs in recent years. He suggested that nuances of surgical technique or patient selection may explain the widely varied results of different surgeons who use similar implants and instrumentation. A thin cement mantle because of inadequate rasping of the medullary canal is highlighted as a possible cause of failure of the 3M Capital hip. In their study of cement stresses, Ramaniraka, Rakotomanana and Leyvraz 14 demonstrated minimal stem micromotion with cement mantles of 3 to 4 mm around either a titanium or a stiffer cobalt chrome stem. However, there was a dramatic increase with both materials when the cement mantle was less than 2 mm thick.
14 In some of our cases, corrosion may have been facilitated by either an inadequate cement mantle or poor stem positioning resulting in the formation of crevices (Table II) .
The French experience 15 with cemented titanium stems is interesting. Two groups reported stem survival rates of over 99% up to ten years with aseptic femoral loosening as an end-point. 16, 17 Both studies used non-pressurised cementing techniques and a collared stem design which was intended to fill the medullary canal with the largest possible size. The resulting cement mantle was inevitably thin and incomplete in places. These excellent long term results are difficult to explain, although perhaps the intrinsic stability of a canal-filling prosthesis protects the thin mantle during setting and subsequent loading. Skinner et al 18 recently compared the outcome between a French thin cementing technique and a British thick cementing technique with the same femoral prosthesis. The results were comparable and good although the thin cement mantle appeared to fare slightly better.
This paradox, as Langlais et al 15 describe it, obscures the picture when trying to explain our corrosion phenomena. There are alternative explanations. Infection could present in a similar way both clinically and radiographically. However, thorough investigation for infection was negative for most of our patients (10 of 12) and, in any event, this would not explain the surface degradation of the implant. A defective manufacturing process could have facilitated corrosion between any intrinsic impurity and the implant. The affected patients' prostheses came from different production batches and no such impurities were identified with EDAX.
The erratic presentation of our patients suggests a multifactorial aetiology. A combination of galvanic, fretting or crevice phenomena, in association with technical factors, modular implant geometry or patient factors must, in these 12 patients, have created irreversible conditions for the corrosion we saw. This pattern of failure is uncommon but consistent for our series and that of Willert et al, 1 who used a different design of stem. We cannot predict which patients are likely to be affected but we have reported our findings to the Medicine and Healthcare Products Regulatory Agency and will continue to follow this group closely. We caution against the use of a cemented titanium stem of any design in hip arthroplasty.
